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Abstract 

We discuss some phenomenological aspects of gauged supersymmetric a-models on homogeneous 
coset-spaces Eg/[SO{1Q) x U{1)] and 5O(10)/[/(5) which are some of the most interesting for 
phenomenology. We investigate in detail the vacuum configurations of these models, and study the 
resulting consequences for supersymmetry breaking and breaking of the internal symmetry. Some 
supersymmetric minima for both models with gauged full isometry groups Eq and SO{10) are phys- 
ically problematic as the Kahler metric becomes singular and hence the kinetic terms of the Gold- 
stone boson multiplets vanish. This leads us to introduce recently proposed soft supersymmetry- 
breaking mass terms which displace the minimum away from the singular point. A non-singular 
Kahler metric breaks the linear subgroup 5*0(10) x U{1) of the Eq model spontaneously. The 
particle spectrum of all these different models is computed. 



1 Introduction 



Non-linear supersymmetric cr-models based on homogeneous Kahlerian cosets spaces 
G/H may have apphcations to physics beyond the standard modeL For example, 
supersymmetric extensions of a Grand Unified Theory (GUT) may be relevant for 
particle physics since they contain less parameters than the Minimal Supersymmet- 
ric Standard Model (MSSM). One of the original guidelines of the construction of 
GUT theories was renormalizability. However, as such GUT models are likely to 
be realized quite close to the Planck scale, renormalizability is not necessarily an 
issue as supergravity theories are non-renormalizable by themselves. Moreover, su- 
pergravity models often include non-linear coset models such as ^[/(l, l)/f/(l) in 
iV = 4. Therefore a GUT may be part of a supersymmetric non-linear sigma model 
based on a coset space G/H, with H a subgroup of G. 

For the construction of this kind of models the coset space G/H must be a 
Kahler manifold [1, 2]. The chiral fermion content of supersymmetric a-models 
based on homogeneous Kahlerian cosets spaces is often anomalous. The presence of 
chiral anomalies in internal symmetries restricts the usefulness of these models for 
phenomenological applications. Therefore, anomalies have to be removed to allow 
for gauging the internal symmetries. This is achieved [3] by coupling additional 
chiral superfields (generically called matter superfields) carrying representations of 
the coset space G/H. An important question in the context of supersymmetric 
matter is how it can be coupled to supersymmetric a-models on Kahler manifolds 
without spoiling the (possibly non-linear) invariance of the original theory. This 
is required for the cancellation of anomalies as shown in [5]. Using the general 
procedure of canceling anomalies by coupling additional chiral superfields, consistent 
supersymmetric a-models on coset spaces, including among others the grassmannian 
models on SU{N + M)/[SU{N) x SU{M) x U{1)], the orthogonal unitary coset 
models on manifolds S0{2N)/U{N), as well as models on exceptional cosets like 
Ee/[SO{10) X f/(l)], have been studied in great detail [3, 4, 5, 7]. 

Since Eq and SO{10) are promising unification groups, the coset spaces Eq/[SO{10) x 
f/(l)] and SO{10)/[SU{5) x f/(l)] are the most interesting for (direct) phenomenol- 
ogy. In the Eq/[SO{10) x U{1)] model, the fermion partners of the Goldstone bosons 
— the quasi-Goldstone fermions — have precisely the right quantum numbers to de- 
scribe one family of quarks and leptons, including a right-handed neutrino. The 
model on SO{10)/U{5) contains the SU{5) x f/(l) fermionic field content of one 
generation of quarks and leptons, including a right-handed neutrino as well. There- 
fore, these models could have interesting phenomenological applications. In earlier 
studies of anomaly-free extension of supersymmetric a-model on SO{10)/U{5), it 
was found that upon gauging the full 5*0(10) the D-term potential sometimes force 
the scalar fields to take vacuum expectation values for which the model becomes 
singular, in the sense that the kinetic energy terms of the Goldstone boson and 
quasi-Goldstone fields disappear in the vacuum state, and the space of physical de- 
grees of freedom is reduced. In a recent paper [8] we have investigated singularities 
in field geometry, where the kinetic terms vanish, by studying a simple supersym- 
metric model based on the homogeneous space CP^. We showed that the metric 
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singularities can be regularized by addition of a soft supersymmetry-breaking mass 
parameter. 

The present paper is a first step in the analysis of the phenomenology of those 
models. In order to discuss various properties of the models, we first review the 
construction of the lagrangians on coset-spaces that are globally consistent. We 
describe how anomaly cancellation can be achieved in supersymmetric cr-model on 
SO{10)/U{5) and Ee/[SO{10) x f/(l)], by adding matter fields; we then discuss the 
several interesting gauge extended versions of these models, and the resulting mass 
spectra. 

This paper is structured as follows. The main aspects of gauged supersymmetric 
cr-models on Kahler cosets with anomalies canceled by matter fields is reviewed in 
section 2. In section 3 we derive the mass sum rule for non-linear supersymmetric 
cr-models. These relations play an important role in constructing realistic supersym- 
metric gauge theories, containing the standard model. In section 4 we summarize 
the anomaly-free supersymmetric cr-model on SO{10)/U{5) as described in [4]. We 
perform a quite general analysis of gauging the full SO{10) group in subsection 4.1. 
We investigate in particular the existence of zeros of the potential, and show that 
the models with fully gauged 5*0(10) are singular. In subsection 4.2 we extend the 
model with soft supersymmetry breaking mass terms which preserve the non-linear 
5*0(10). To complete the phenomenological analysis, we also consider the gauging 
of the linear subgroup SU{5) x f/(l) of the S'O(10)-spinor model in subsection 4.3. 
Because this subgroup contains an explicit U{1) factor, we added a Fayet-Iliopoulos 
term with parameter ^ and we investigate in particular the existence of zeros of the 
potential, for which the model is anomaly-free, with positive definite kinetic energy. 
Then we discuss a number of physical aspects of these models, like supersymme- 
try and internal symmetry breaking, and the resulting mass-spectrum. Section 5 
is devoted to phenomenological analysis of -E'6/[>S'O(10) x U{1)] model. We first 
summarize the results obtained in [10, 11, 3]. Section 5.1 discusses the gauging of 
internal symmetries in general. In section 5.1.1, we consider in some detail the gaug- 
ing of the full non-linear Eq symmetry. Like in the on SO{10)/U{5), in one of the 
supersymmetric minima, we find that the D-term potential drives the scalar fields 
to a singular point of the kinetic terms. We show that the singular metric can also 
be regularized by the addition of a soft supersymmetry-breaking mass parameter. 
Gauging the linear subgroup 5*0(10) x U{1) gives consistent models, but only for 
special values of couplings constant and non-zero value of the Fayet-Iliopoulos term. 
Section 6 contains the conclusions. 



2 Supersymmetric cr— models on Kahler manifolds 



= 1 globally supersymmetric lagrangians for non-linear a-models in 4-D space 
time, are formulated in terms of chiral superfields = (2°", ipl, H°'), a = 1, . . . , N 
the components of which are complex scalars z", an auxiliary field H°' and a (left- 
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handed) chiral fermion ^ ipL- The action is defined by two functions of superfields: 
the real Kahler potential and the holomorphic superpotential The 

component lagrangian after eliminating the auxiliary fields is [1] 

In this expression, we have used the following notation for the metric, connection 
and curvature constructed from the Kahler potential respectively: 

with G"- the inverse of the metric Gaa- The comma denotes differentiation with 
respect to z°', z-, while the semicolon denotes a covariant derivative. Moreover, 
the Kahler covariant derivative of a chiral spinor and the left-right arrow above the 
covariant derivative are defined by 

In general, the Kahler metric may admits a set of holomorphic isometries Rf{z), 
Rf{z) {i = 1, . . . , n), which are the solutions of the Killing equation 

■Ria,a ~\~ Ria,a 0. (4) 

These isometries define infinitesimal symmetry transformations on the Kahler man- 
ifold G/ H . In components the transformation rules read 

5z- = 9'Rt{z), 6z^ = 9^Rf{z), = 0' R^^) i^l 5i^l = 9' R%{z) (5) 

with 6** the parameters of the infinitesimal transformations. As a result, the isome- 
tries form a Lie algebra: 

^[i ^j],P ~ ^j,P ~ ^i,P ~ ^k- \P) 

Thus, infinitesimal transformations (5) define a (generally non-linear) representation 
of some Lie group G, called the isometry group of the manifold. The fij ^ are 
structure constants of the algebra. A special feature of Kahler manifolds is that the 
isometries can locally be written as the gradient of some real scalar functions, the 
Killing potentials M^{z,z) [9, 10]: 

B!^ = -tG'^^Mi^a, Rf = iG^^Mi^a. (7) 

From these equations, one sees that the Killing potentials Mi are defined up to an 
integration constant q. It turns out that one can always choose these Cj in such a 

^Our conventions for chiral spinors arc such, that j^ipL = and ipLj^ = —tpL', charge 

conjugations acts as ipR = C'ip'£, where "ipL = 'i'4'R'lo- 
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way that the potentials Mi transform in the adjoint representation of the isometry 
group: 

6,M, = i?fM,-„ + RfM,^^ = -tG^a{RtRf-RjRf)= k ''Mk. (8) 
Under the transformation (5) the Kahler potential itself transforms as 

6,K = F,{z)+F,{z). (9) 
Now it can be shown that the functions F\ defined by 

F, = K^^Rf + zM,, F, = K^^Rf - zM„ (10) 

are holomorphic: 

F^,a = 0, = 0. (11) 

From the Lie-algebra (6) it follows that one can choose the transformations of the 
functions Fi{Z) to have the property 

6iF^-6,Fi = fi,'Fk. (12) 

We now turn to the possibility of realizing the transformation (5) locally. This is 
possible only if the symmetries are non-anomalous. As it is well known [3, 6], such 
anomalies can be removed by coupling additional chiral fermions Xl contained in 
other chiral superfields = {a^, Xl) carrying specific line-bundle representations 
of the group G. Then the complete superfield content = ($", \i/'^) of the model is 
specified by a scalar superfield $° = (2;", ipl, H°'), which includes the complex coor- 
dinate 2;° of this manifold G/H, and a set of matter superfields = (a^, Xl^ F^). 

Once the anomalies have been canceled, the G symmetry group can be gauged 
in a way that respects the supersymmetry. In summary, one first introduces a set of 
vector multiplets = (A^, A^, D^), where is a gauge field, A}^ a gaugino and 
is an auxiliary complex scalar. This gives rise to introduction of the gauge covariant 
derivatives, accompanied by Yukawa and a D-term potential, defined in terms of the 
Killing potential M{z, z) for the isometries group G. And finally, one introduces 
the kinetic terms for the vector multiplets. Then the full lagrangian of globally 
anomaly-free supersymmetric a-models on Kahler manifolds, after eliminating the 
auxiliary fields {H°', F^, D'^) becomes 

£ = -Gn {dZ^ ■ DZ' + Vl) - [GujD^Z' - Gu^jD.Z^^ 

2 

+Rnji V^i^i - |-(-M. + i^f + 2^29 Gnf^RiVj^^Pi + i?/Al^f) 

-\f' ■ F' - A*^ p A^«. + W.,ui^i V'i + W^;/J^i i^i - G''- W,i W.,j. (13) 

Here we have added a Fayet-Iliopoulos term with parameter in case there is a 
commuting f/(l) vector multiplet and M.i{z,z]a,a) is an extended version of the 
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Killing potentials introduced in (7). Furthermore, the notation = {z'^,a^) and 
ipi = ii'L^Xi): I = denote the scalar and spinor components of the super- 

fields S^. The covariant derivatives contained the gauge fields and field strength 
tensor F^^, are 

D,Z' = d.Z'-gA'^Rl D,iji = d,iji-gA'Xj< 

D,X^ = d,yj,-gr'Aj,Xl F;, = d,A',-d,Al-gP'A^^Al. (14) 

3 The mass formula 

A very particular feature of a supersymmetric theories is the existence of a mass 
formula valid for all possible vacua with spontaneously broken supersymmetry and 
vacua preserving supersymmetry, relating the masses of all the fields present in the 
theory. This mass formula is very convenient when discussing realistic models. It 
is well known that a mass formula holds when supersymmetry is not broken: all 
states belonging to a given supermultiplet have the same mass. This result has for 
consequence the following sum rule. The supertrace of the mass matrices squared 
of all states: 

STr m^ = Tr {ml + Sm^ - 2mi) , (15) 
where m^, m\ and are respectively the mass matrices squared of spin-1, ^ (four 

2 

component spinors) and (real scalars) states of the theory. For a supersymmetric 
multiplet of a mass m, STr m^ is defined so that 

STr m^ = m^ (number of bosons — number of fermions) = 0. (16) 

However, the vanishing of the supertrace for a supersymmetric theory is much weaker 
than statement of the equality of all masses within a supermultiplet. Indeed a 
formula for STrm^ can be generalized to arbitrary vacua, including those breaking 
supersymmetry [12]. The standard choice for vacuum configurations is to allow 
for constant values of Lorentz invariant fields. Thus only scalars Z^ are allowed 
to have a non-zero vacuum expectation values (v.e.v.), denoted by {Z^). For this 
configuration, the theory reduces to the scalar potential 

V = -c[d,{Z^) = {^i) = (Al) = (A;) = O). (17) 

In this section we derive the supertrace formula for supersymmetric non-linear a- 
models described by (13) relevant for later applications. Since in the models we 
consider in this paper, the isometry group G does not allow for an invariant trilinear 
super potential W(I1), we will not consider here the contributions of iy(S) to the 
mass formula. For this reason, from now on we take iy(S) = (hence the terms 
involving W{Z) in the full lagrangian (13) are absent). In order to calculate STrm^, 
we need the explicit form of the three mass matrices in (15). 
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We first consider the mass matrix squared for a spin-1 particle. Wlien tlie scalar 
fields acquire a vacuum expectation value, some gauge bosons will become mas- 
sive in general. From (13), the part of the lagrangian quadratic in spin-1 particles 
is 

£1 = -Gn DZ^ ■ DZ^ - ^F' ■ F\ (18) 

with the field strength and the covariant derivative defined in (14). Substituting the 
expressions for the field strength and the covariant derivative the lagrangian (18) 
becomes: 
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{d^A^^){d^A''' - d''A'>') - 2g^{R^.R^Gii)A'^A^^ . (19) 

This expression means that the mass matrix (squared) of spin-1 particles is 

{ml),,=2g^RmGn) (20) 
From (20), the trace of the mass matrix squared for gauge fields is 

3Trm? = Qg\RlR{Gu) = 6/ {G'^M.jM^,j_) . (21) 

The last equality follows up on using (7). 

Turning to the spin-^ mass matrix, we collect all the terms bilinear in fermionic 
fields in lagrangian (13) with possible vacuum expectation values {Z^). They read 

£1 = -2(G,,)^i - 2Al^Al + 2^/21 g{M,i\WL - -M.,/^lA^)+ . . . , (22) 

where the dots represent total derivatives terms that do not affect the action. The 
non- vanishing mass term can be written in a matrix form as 

£1 = -2{GuWi<^^i + 2yjX\ + 2 ( A}, ) ^1 ^ (23) 

with the fermion mass matrix evaluated at the classical minimum of the potential 

From this expression we obtain the mass matrix squared of spin-| particles 

(M|)^(M.Mt).(V(M.M.) ,.5) 

This mass matrix has to be normalized such that the kinetic terms of the fermionic 
fields take the standard form 

^Dirac = -2X\^ - Mij)x'. (26) 
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This is achieved by multiplying the mass matrix (24) with the inverse metric G^- 
and introduces the Dirac fermions as a combination of a left-handed chiral fermions 
V'i and the right-handed gauginos A^. As a result, the trace of the mass matrix 
squared of spin-| particles is then 

Trm? = TrM? = V {G^-MnM^i). (27) 

2 2 ' '~ 

The last thing we need is the scalar mass matrix (squared). The lagrangian has 
the form 

= -Gij dZ^ ■ dZ^ - V{Z, Z). (28) 

By expanding the scalar potential V{Z, Z) to second order in complex fluctuation 
Z^ around the minimum Z^ = (Z^), the bilinear terms are 

Co = -{GH)dZ' -dZ^^ {Vn)Z' 2^+^{Vjj)Z'Z' + ^{Vu)Z^^^ 

= -{Gu)dZ' ■d~Z^--\[z^ ^-)^^°(f^)' ^^^^ 
with the spin-0 mass matrix squared Mq: 

In a similar fashion the bosonic mass eigenstates have to be normalized such that 
their kinetic lagrangian takes the standard form. This is achieved again by multi- 
plying the mass matrix squared (30) with the inverse metric G-^: 

TtM^ = 2{G^^Vn). (31) 

From the scalar potential 

V=^{M. + ^^r (32) 

obtained from our general lagrangian (13), one has 

Vn = 9^ [MuM^i + {M^ + e.) Mui) • (33) 

After substituting the second mixed derivative of the scalar potential (33) in (31) 
we obtain the trace of the spin-less mass matrix squared: 

Trmg = 2g^G^'(^MuMu + {Mi + ^,)Mui). (34) 

Finally, collecting results (34), (21) and (27) leads to the general mass sum rule for 
non-abelian gauged supersymmetric non-linear sigma models without a superpoten- 
tial: 

STrm^ = 2g^G^'{M^ + ^i)Min, = {Mi + (35) 
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which is vahd for arbitrary vacuum expectation values {Z^). 

The general mass sum rule for Yang-Mills theories with local super symmetry, 
was derived by Cremmer, Ferrara, Girardello and van Proeyen [12]. It has also 
been derived in superspace by considering 1-loop divergences [13, 14, 15] in the 
(non-singular) field space 



STrm^ = 2iDiR'^ .1 = 2iA 



JI 



(36) 



The equivalence of this result (36) to ours (35) is rather easy to show using (7). 
Observe here, that the first term i?*^ / in (36) always vanishes in supersymmetric a- 
models on Kahler cosets with anomalies canceled by matter as in models considered 
here (non-abelian gauged supersymmetric non-linear sigma models.) 

Some comments are in order here about the formula (35). It has been derived on 
the assumption that the Kahler metric Gn is invertible. However, in some cases as 
we will discuss in the following sections, the Kahler metric G// develops a zero mode 
in the minimum of the potential; and the analysis of the theory becomes compli- 
cated by the appearance of the infinities at the classical level. A particular solution 
to this problem is to shift the minimum of potential away from the position where 
the singularities occur by adding to the model extra terms which break supersym- 
metry explicitly. These new terms, which break supersymmetry without generating 
unwanted quadratic divergences are called soft breaking terms. 

Explicit breaking of global supersymmetry has been discussed in [16]. Here we 
only focus on the scalar soft breaking mass term, relevant for later applications: 

>Cbreak= |/i|'X(Z,Z). (37) 

Here X is real scalar which is invariant under the full set of the isometrics G, and 
n"^ is real and nonzero. 

After the addition of the soft breaking terms (37), the supertrace formula be- 
comes 

STrm^ = 2g^G^^ {M^ + ^i)Mi^ + 2f^^G^^ Xn. (38) 



4 Analysis of particle spectrum of SO(10)/U(5)— 
spinor model 

From the point of view of unification the coset space SO{10)/[SU{5) x U{1)] is a very 
interesting for phenomenological applications as both 5*0(10) and SU{5) are often 
used GUT groups. However, a supersymmetric model built on the SO{10)/[SU{5) x 
f/(l)] coset is not free of anomalies by itself as all the 10 anti-symmetric complex 
coordinates z"^^ and their chiral superpartners ij^Y {hi = 1, • • • ,5) of this manifold 
carry the same charges. To construct a consistent supersymmetric model on this 
coset one has to include the fermion partners of the coordinates in an anomaly-free 
representation. As SU{5) representations are not anomaly free by themselves, we 
have to use the full 5*0(10) representations for our additional matter coupling in 
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this case. This has been achieved in [4] by introducing a singlet 1 and completely 
anti-symmetric tensor with 4 indices which is equivalent to 5 to complete the set of 
complex chiral superfields to form a 16 of 5*0 (10). The anti-symmetric coordinates of 
the coset are combined into a 10 of SU{5) with a unit U{1) charge. An anomaly free 
representation is obtained using the branching of the 16. Indeed, its decomposition 
under SU{5) reads 

16 = 10(1) + 5(-3) + 1(5), (39) 

where the numbers in parentheses denote the relative U{1) charges. Therefore, 
the super symmetric model on the coste SO{10)/U{5) is defined by three chiral 
superfields (^^-'^ \1/): the target manifold SO{10)/U{5) is parametrized by 10 
anti-symmetric complex fields z^^ in a chiral superfield = {z^\ip^l, H^^), to which 
are added SU (5) vector and scalar matter multiplets denoted respectively by = 
{ki,ujL i,Bi), and = {h,ipL,F). 

The complete Kahler potential of the model is 

K:{z,z;k,k;h,h) = ^K„{z, z) + Ki + K^, 

= -^Indetx"^ + \h\^e~^-f'''- +ef'''-kx~^k (40) 

with the submetric = 11 + f^zz and e^^^'^ = (detx)^^- The dimensionfuU con- 
stant / is introduced to assign correct physical dimensions to the scalar fields {z, z). 
The Kahler metric Gu derived from this Kahler potential K, possesses a set of holo- 
morphic Killing vectors generating a non-linear representation of S'0( 10): 

5z = J X — z — zu + f zx^ z, 
Sh = 2tT{f zx^ - u^)h, 

6k = -k(^-u^ + f zx^ +tT{-u'^ + f zx^)ty (41) 

Here u represents the parameters of the linear diagonal U (5) transformations, and 
{x,x^) are the complex parameters of the broken off-diagonal 5*0(10) transforma- 
tions. It is readily checked that under the transformations (41) the Kahler potential 
JC transforms as in eq. (9): 

6IC = tr(/ zx^ - u^) + h.c. = F{z) + h.c. . (42) 

This result guarantees the invariance of the metric, as expected if the the transfor- 
mations (41) are isometries. Equivalently, one may check that the Killing vectors 
(41) satisfy the Killing equation (4) with a metric of the form 



(43) 
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4.1 Gauging of the full SO (10) isometries 

In order for the chiral fermions {ipi, wn, <^l) to have a physical interpretation as de- 
scribing a family quarks and leptons, in this section we introduce gauge interactions. 
In this case supersymmetry implies the addition of a potential from elimination of 
the auxiliary fields by substitution for the Killing potentials [17]. We consider 
the case in which the full SO (10) isometry is gauged. We denote collectively the 
5*0(10) gauge fields as = (t/^, VT^, VF"^) with and the gauge fields cor- 
responding to the broken 5*0(10) transformations parametrized by (x, x^) and with 
U^, the gauge field of the diagonal transformations parametrized by u. This requires 
the introduction of covariant derivatives for the dynamical fields: 

D^z = d^z-g^,QjW,-Ulz-U^z + fzW.h), 

D,k = d,k + g,ok(^fW,h-U^ + tT{fW,^z-U^)t}j, 

D^h = d^h-2g,,ti(^fW;^z-Ul)h. (44) 

In the construction of these covariant derivatives we replaced the infinitesimal pa- 
rameters (x, x^) by gauge fields. 

For the D-term scalar potential we need the 50(10) Killing potentials. The full 
Killing potential M. generating the Killing vectors (41) can be written as 

M (n, x^ x) = tr {uMu + x^Mx + xA^ J. j , (45) 

with the t/(5) Killing potentials M.u) and the broken Killing potentials {M-x, M.x^) 
given by [4] 

-iMu = M{l-2fzxz) + e^'^^{k'^k^-fzkkz), 

-iMxi = fzxM + fe^^^^zkk, (46) 

-iMx = -fxzM- fe^'^^kkz, M = ^- 2\h\^e-^^'^^ + e^'^^kx'^k- 

Alternatively, the D-term potential arising from gauging of SU{5) x f/(l) including 
a Fayet-Iliopoulos parameter ^ is 

V = |i(^-^^^y)^ + |tr(-zM)^ (47) 

with Qi and are the U{1) and 5f/(5) gauge couplings respectively. The U{1) 
Killing potential Aiy is defined as the trace of U{5) Killing potential Aiu whereas 
the remaining SU{5) Killing potential Ait is defined as a traceless part of Aiu'- 

Mt = Mu-\MYt, MY = i^Mu. (48) 
5 

The case of fully gauged 50(10) is obtained by taking the coupling constants equal: 
91 = 95 = 9io, and the Fayet-Iliopoulos term to vanish: ^ = 0. 
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The coupling of the gauge multiplets to the supersymmetric non-hnear a-model 
on SO{10)/U{5) has interesting consequences for the spectrum. It can induce spon- 
taneous breaking of supersymmetry, and further spontaneous breaking of the inter- 
nal symmetry. For example, if we gauge the full 5*0(10), all the Goldstone bosons 
{z,z) are absorbed by the vector bosons {W^,W^) which become massive. In this 
case we may choose to study the model in the unitary gauge z = z = 0. However, it 
was found in [4] that in this gauge, the Kahler metric (43) develop zero-modes in the 
vacuum: the metric G^ziizki ^^e Goldstone bosons and their fermions vanishes. 

To see this, we start from the scalar potential (47). As already stated, we choose 
the unitary gauge: z = z = 0, ^ = 0, and Qi = = gio- Then the potential for the 
fully gauged SO{10) model becomes 

Kni = %{m\'-^,~m'y+l9!o{\k\'y- (49) 
From this we see that we only have a supersymmetric minimum if 

\k\' = 0, \h\' = ^,. (50) 

It can be seen immediately that this solution yields the vanishing of the Kahler 
metric: 




In this case the kinetic terms of the Goldstone superfield components vanish, there- 
fore, mass terms for the S'O(IO) gauge fields (W^^, W^^) vanish as well. Moreover, 
the theory becomes strongly coupled, with some of the four-fermion interactions 
exploding, namely: 

>C4-ferm = Rzzhh i'R^L ^L^R + perm. (52) 

with the curvature components given by 

R.,hh = Ri^,)^'\-H = -2p6l'6^j (l + - 2\h\'r^). (53) 

This may point to a restauration of the 5*0(10) symmetry. Clearly, not all of the 
physics described by this model is yet understood. 

4.2 Softly broken supersymmetry 

To avoid the problem of vanishing of the Kahler metric, we shift the minimum of 
the potential away from the singular point by adding S'O(10)-invariant soft super- 
symmetry breaking scalars mass terms 

AV = fxl + /i^ ef'^'^kx-'k (54) 
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to the potential. As a result the minimum of the potential is shifted to a position 
where the expectation value of the Kahler metric is not vanishing; and the scalar h 
gets a vacuum expectation value 



1 _ ^1 2 . %i 

4/2 20^fo' P 



^r = 0, \h? = v' = —,-i^^ K<-W^ (55) 



breaking the linear local U{1) subgroup. The corresponding f/(l) vector becomes 
massive; and the remaining vectors of SU{5) stay massless. In the fermionic sec- 
tor, two Dirac fermions are realized as a combination of the fermions of the chiral 
multiplets with the gauginos. 

We now present details of the above mass spectrum. Since in general 50(10) is 
broken in the vacuum, the Goldstone bosons {z, z) are absorbed in the longitudinal 
component of the charged vector bosons, and we may choose the unitary gauge 
z = z = {]. In this gauge the Kahler metric in the minimum (55) is automatically 
diagonal: 



Gn= \ G;. = 

Gf,n \ 









\ 












1 


/ 



(56) 



and all the z dependence is removed from the covariant derivatives (44). To calculate 
the bosonic mass spectrum, we consider the bosonic part of the model, which up to 
the kinetic terms for the gauge bosons is described by the action 



full 

1 
4 



lF^^,){W) ■ F^^^\W) + r,{U) ■ F\{U)\ + . . . , (57) 



where Vfuii is given by Kmi eq. (49) and eq. (54). In this expression the covariant 
derivatives include only the U{b) gauge field. To identify the masses of the gauge 
fields, we decompose the f/(5) vector multiplet f/^ = (t^^j,A^j.) into a U{1) and 
SU{b) vector multiplets denoted respectively hj A = (A^, Ar) and = (V^j, ^rj)'- 

V = U--At^ tr(y) = 0, A = tiaj). (58) 
5 



It follows that the kinetic terms for the SU{b) x f/(l) gauge fields become 

5 >^Rr (59) 



Notice that the kinetic terms for the U{1) multiplet are not canonically normalized. 
To obtain the standard normalization, we redefine the U{1) multiplet according to 

A^v^(4,A^). (60) 
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With the redefined fields, the kinetic terms for the gauge fields become 

5 A« - ^(^Af } Afe)« + ^Af 5 A(,,),)-A^«, ? A^^,. (61) 

Apart from the scalar /i, the masses of the gauge fields can be read off easily form 
the lagrangian £bos given by eq. (57); they read: 



1 



•2f 



-2\v\ 



lOg 



V > 0. (62) 
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By expanding the potential Vfuu to second order in p and k with scalar p defined by 



h = (v -\ ■=p)e^^^°', 

around the absolute minimum (55) we find 

Vmi = Kni + Al^ = ^mj p2 + m| P + 



(63) 



(64) 



with uip = 'iOgfov'^ and m? = (^ + 

Next we construct the fermionic mass terms. The quadratic part of the la- 
grangian is 



C 



ferm 



-Aij ^ A^ 



1 /t 



4 

2v^^io f2V5i;AR(^L + h.c.l(.65) 



A(y)L)-A^j A*^j 



yAi^^VL(fc/) + h.c. 



As a result, two Dirac fermions are formed by combining the quasi-Goldstone fermions 

(66) 



t/'I"'^ and (fL with the right-handed gauginos A^"'' and \r according to: 



^ = A^ + ^L. At^^l = ^,4^^ + 



In terms of these fields, the fermionic lagrangian becomes 



(67) 



with the masses mA = -^^^ and m^, = 2(7iof"\/10. The 5 of the left-handed chiral 
fermions un, the 10 of the left-handed gaugino's A^"*', and the Majorana fermions 
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fermions 



mass 


ml 


ml 








value 




5/2 












vectors 



mass 


ml 




ml 


value 




5/2 






scalars 



mass 


m^ 

p 


m? 

k 


value 




f.C4 + ^^l) 



Table 1: Fully gauged S'O(IO) mass spectrum in the presence of soft supersymmetry 
breaking. 

that are the gauginos of the unbroken SU (5) symmetry remain massless. Notice 
here that in the limit /if 2 and giQ = gi, one gets the same massive multiplets 
in the model with only gauged linear subgroup SU{5) x f/(l) (see table 3). The 
only difference is, that in the case of gauged linear subgroup SU{5) x f/(l) there 
are 20 massless Goldstone bosons {z,z), and their superpartners {ipL,i'L)', and no 
gauge bosons {W, W) of the 20 broken generators of S'O(IO). (We have observed a 
similar thing to happen also in Eq/ SO{10) x U{1) model discussed in the following 
section.) From the massive spectrum of the theory as summarized in the table 1 , 
we obtain the general supertrace formula (38) 

STr m' = mj + 2m| + 3m^ + 6m^ - 4m| - 4mi = (^/x? + 2i^tj . (68) 

Of course, the present theory cannot be regarded as complete. On the one 
hand, extra fermions must be coupled to the lagrangian (40) to represent the other 
families of quarks and leptons. Therefore the model must consist of (at least) three 
copies of 10 , 5 and 1 of SU{5) representations in its spectrum, of which one of 
the 10 are Goldstone bosons of the coset space. On the other hand, since one 
must require the remaining SU{5) symmetry to break down at lower energy to 
SU{3) X SU{2)l X U{1), additional interactions are required. For example, we 
can add the 24 representation of SU{5) to break SU{5) down to smaller symmetry 
group, which can still accommodate at least unbroken SU{3) x f/(l). However, the 
symmetry breaking in SU{5)-G\JT via the 24 ($) that acquires a v.e.v. of the form 

{^) = diag(^v,v,v,-^v,-^v^ , (69) 

is problematic. This is because the Higgs-doublets and Higgs-triplets, originating 
from the 5 and 5 representations will naturally have almost the same effective mass. 
Now these masses should be very large in order to avoid proton decay but on the 
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Dimension 
repr. 


TTf'i ^ 
U(l) 

charges 


Notation 


Description of the type of fields 


ID 


i 


z ■' 


bU\\Sj) l\bu \b) X u\V)\ coset coordinates 





-o 




Matter additions to K) 


1 


5 


h 


to complete the 16 


10 


1 






5 


-3 


Vi 


Second family 


1 


5 


a 




10 


1 






5 


-3 


rii 


Third family 


1 


5 


h 




24 







Higgs for breaking the SU{5) 
group to the standard model 


5 


-2 


Ci 


Higgses for breaking the Gsm 


5 


2 




group to the SU{3) x U{1) 



Table 2: The various SU{5) representations used for our construction of a phenomeno- 
logical model build around SO{10) /[SU{5)xU{l)]. The first column gives the dimension 
of the representations, the second column their charges, the third column the notation 
we use for the scalar components of chiral multiplets. A brief description of what these 
fields are is given in the last column. 

other hand small, else the standard model Higgses are far too heavy. This incon- 
sistency is called the doublet-triplet-splitting problem. A way out of this problem 
is provided by the Dimopoulos-Wilczek mechanism [20] as is discussed in ref. [19], 
and recently by Witten [21]. Such an analysis of including other families of quarks 
and leptons as well as additional interactions to break SU{5) down to the standard 
model gauge group is outside the scope of this paper and requires further devel- 
opment. For the moment we are satisfied with the observation that it is at least 
possible to cure some of the difficulties mentioned above for the present model with 
the scalar particle content summarized in table 2 in principle. 

4.3 Gauging of the linear subgroup SU(5) x U(l) 

As an alternative to gauging 50(10), one can gauge only the linear subgroup SU (5) x 
U{1) instead. This explicitly breaks the non-linear global 5*0(10). It is then allowed 
in principle to construct superpotentials which are invariant only under the local 
gauge symmetry. In addition, when gauging any group containing the U{1) as a 
factor, the introduction of a Fayet-Iliopoulos term is allowed. It turns out, that the 
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scalars 



mass 


m2 


m? 

k 


m| 


value 


40 gfv^ 









vectors 



mass 


m^r 

A 




value 


40 gfv^ 






fermions 



mass 


m| 


m^ 




m- 


value 


40 glv^ 












Table 3: Supersymmetric gauged SU{5) x f/(l) mass spectrum 

corresponding models are indeed well-behaved for a range of non-zero values of this 
parameter. 

As the SU{5) x U{1) subgroup of 5*0(10) symmetry is not broken in the original 
(T-model, the Killing vectors corresponding to these symmetries are linear in the 
fields. The gauge covariant derivatives are then the usual one: 

D^h = d^h-2V5giA^h, D^k = d^k + g,{V;[ + V5A^)k, 

Df^ifL = d^LfL - 2V5giA^(pL, D^ujl = O^ujl + g^iV^ + VhA^,)ujL. (70) 

To determine the physical realization and the spectrum of the theory, we have to 
minimize the potential (47). This potential has absolute minimum at zero if 

i-r = i*p=o, i;f = + if = ^.^ -275 

This solution is supersymmetric and spontaneously breaks f/(l), whilst SU{5) is 
manifestly preserved. As a result, the f/(l) gauge field become massive with a 
mass m J = m^, the mass of the real scalar p defined by (63). The remaining vectors 

Vn of SU{5) stay massless. Of the gauginos, the right-handed components of the 
U{1) gauge multiplet combine with the left-handed chiral fermions ip^ to become 
massive Dirac fermions with the same mass as the gauge boson A^. However, the 
Majorana fermions A^j that are the gauginos of unbroken SU{5) symmetry stay 
massless. 

To see how this result is obtained in more detail, first notice that the mass term 
of the U{1) vector field is generated through the kinetic terms by the v.e.v. of h, 
and reads 

m\ = AOglv' (72) 



Next we construct the kinetic terms and potential for the real scalar p; it reads 

1 - 

2 1 



^(P) = -I \dp ■ dp - AOgfv'p' +..., (73) 
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with p defined by equation (63). We then find that p represents a real scalar of 
mass = m^, the vector boson mass. Finally, the kinetic and mass terms for the 
fermion fields are given by equation (65) with gio = gi, but without the gauginos of 
the 20 broken generator of 5*0(10) (hence the terms involving A^"'^ are absent.) 



+2V2gi 2V5vIr<^l + '^-c. . (74) 

It follows that the Dirac spinor ^ = A/j + satisfies the massive Dirac equation 

(^ + m^)* = 0, (75) 

with m|, = m^ = m^. This establishes the presence of a massive vector supermulti- 
plet {Afj,, p, ^f) with mass squared given in table 3. 

We end this section by remarking that one can also consider gauging either the 
U{1) {g^ = 0) or SU{5) {gi = 0) symmetry. In the first case when gauging only the 
f/(l) symmetry, the minimum potential is at the same point as in the SU{5) x f/(l) 
gauging. Therefore the above discussion applies here and one gets the same spectrum 
with equal masses for the U{1) gauge multiplet. On the other hand, if only SU (5) is 
gauged, the potential reaches its minimum at z = k = 0. Then no supersymmetry 
breaking or internal symmetry breaking occurs and all particles in the theory are 
massless. 



5 Analysis of particle spectrum of Eg/so (10) X U(l) 
model 

We turn our attention in this section to another well known model with a phe- 
nomenologically interesting particle spectrum, defined by the homogeneous coset 
space Eq/ SO (10) xU{l) [10, 11]. The target manifold Eq/ SO (10) xU{l) is parametrized 
by 16 complex fields z°' in a chiral superfield = {za,ipLa, H^) (a = 1,...,16), 
transforming as a Weyl spinor under 5*0(10). Their chiral fermion superpartners 
have the quantum numbers of one full generation of quarks and leptons, including 
a right-handed neutrino. To cancel the t/(l)-anomaly the model is extended to a 
complete 27 of Eq. According to the branching rule: 27 — 16(1) + 10(— 2) + 1(4), 
where the numbers in parentheses denote the relative U{1) weights. With this choice 
of matter content, the cancellation of chiral anomalies of the full Eq isometry group 
is achieved [3] by introducing a superfield = (iVm, XLm) (m = 1, . . . , 10) which is 
equivalent to a 10 of 50(10) with U{1) charge -2; and finally a singlet A = {h, xl) 
of 50(10), with U{1) charge +4. 

The anomaly-free supersymmetric cx-model on i?6/[5O(10) x U{1)], is defined 
by three chiral superfields ($«, \E'm, A) with Kahler potential given by 

/C(<1>, $; A, A) = K, + e-'^"''^\h\^ + gmnN^N^e'^'''^ (76) 
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with K„ = ^.[(5"^ln(l + Q)].z, the a-model Kahler potential. We have introduced 
a constant / with the dimension m~^, determining the scale of symmetry breaking 
Eq 5*0(10) X f/(l). The positive definite matrix Q is defined as 

Here = Tmn^^ are the generators of the 5*0(10) on positive chirality spinors of 
5*0(10) [10], and is the 10-D positive chirality projection operator. Furthermore 
Qmn is the induced metric for the 10-vector representation defined by 

W = ^tr((7T(S„0)W(S„0)) and = (lie + Q)^'- (78) 

The lagrangian constructed from the Kahler potential (76) is invariant under a set 
of holomorphic Killing vectors generating a non-linear representation of Eq: 



6h = 2i(^V3e -3fe- z^h, 
5iV„ = -iV3eNn-u;nmN^-tfe-{Tl^-35^J-zNrr, (79) 

where 5+^ = 6mnS^, and 9, uimn and are the infinitesimal parameters of the 

[/(I), 5*0(10) and broken E^ generators respectively. The corresponding Killing 
potentials are 

= M,E- ^e^^^M, /^?^^^(0S„,)"^(S„0)^5iV^iVn, (80) 
with E and the a-model Killing potentials Mi = {Mg, M^™"), M^, Mp) given by 



Me = j^-^V3z'^K^,a, M^- = -'-z^Tl^jK„, 



= -jK^f. Mp = -jK„^p, E = l-6e-6^^''^|/i|2 + 6e6%„,„iV^iV„(.81) 

Observe the presence of the constant term in the U{1) Killing potential which 
is required to close the Lie algebra on the Killing potentials. 



5.1 The gauged model 

Apart from the pure supersymmetric a-model determined by this Kahler potential 
(76), we consider models in which (part of) the isometries (79) are gauged. As the E^ 
is broken, the Higgs mechanism operates as follows: the Goldstone bosons (2-, 2") 
are absorbed in the longitudinal component of the charged vector bosons, and if the 
full Eq is gauged, we may choose the unitary gauge z- = z^ = To analyze the 
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model in this gauge, we introduce the covariant derivatives for the dynamical fields. 
The expressions for gauge-covariant derivatives of the complex scalar and fermions 
fields read 

D^h = d^h-2tg(^V3A^~3fA''^z^y, 
D^Nn = d^Nn + iVlgA^Nn + gA^i^rnn)Nm + ifgA^ ■ (r+„ - 35+„) ■ zNm 

Df,XL = df,XL-2ig(y3A^XL-3fgfA'^{^Lah + XLZa)^, 

+ ifA^ ■ (r+„ - 3(5;^„) ■ {ipLNm + XL: 

Here we have introduced the notation (y4^Q,y4^) for the 32 charged gauge fields 
corresponding to the broken Eq transformations; A^(^^n) and A^ are the gauge fields 
for the remaining 5*0(10) and U{1) transformations respectively. 

We have now to add the kinetic terms for the vector multiplets. They are of the 
canonical form 

~l [f^ + ^F^r^^ + + ^ [d- + + D^) (83) 

Here we have included a factor | to correct for double counting due to anti-symmetry 
of the indices mn. 

Next we couple the gaugino fields to the quasi- Goldstone ipf^ and matter fermions 
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(Xl 7 Xl) through the Yukawa couphng 



-2V2g Cj, \~2ih(y?>XR - 3fz ■ Ar)xl 
+2V2gG,^n [-2ih(y3XR - 3fz ■ XR^i^La + Xl[^V3z^Xr 



-^Ai?(^„)(r+„ ■ z)a)-\xL{ijX'^jiM2^^^z^zs - -XRa 



I 

1' 



/ i 1 



+h.c.. 



La 



Here (G^^^/s, G^^^v"! • • • ) ^^^e the second mixed derivatives of the Kahler metric 
Gij_ = Jcji, where I = {z^, N^, h) and / = (^", iV", h). 

Finally, elimination of the auxiliary fields {D°' , D^"^^\ D) from (83) leads to the 
scalar potential 



i5) 



5.1.1 Gauging of the full Eg symmetry 

In this section, we discuss in some detail the gauging of the full non- linear Eq. In 
this already stated, we can choose to study the model in the unitary gauge in 

which all the Goldstone bosons vanish: z" = Za = 0. This implies that the broken 
Killing potentials M.^ and Aip vanish automatically, leaving us with 5*0(10) and 
f/(l) Killing potentials Aie and Aimn- 

Me = -^-2V3\h\^ + V3j2\Nm\^ ^„.„, = (iV„iV„ - iV„iV^) .(86) 
Then the full potential becomes 

Knitary = ^ (-^ - 2 /l| ^ + J] | A^^ | V ^ J] | iV^AT^ - iV^iV^ | ^87) 

m m,n 

Observe here that in the unitary gauge, the potential contains only the terms that 
one also gets in gauging S'O(IO) x U{1). Minimization of the potential leads to the 
following set of supersymmetric minima characterized by the equation 

\NmNn - NnNml' = 0, I I ' = ^ + ^ I l'- (88) 
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The value of the potential vanishes: (y) = 0, hence it is the absolute minimum of 
the potential. From (88), it follows that \h\ ^ and the U{1) gauge symmetry is 
always broken; a solution with |A^m| = is possible, preserving 5*0(10). However, 
solutions with \Nm\ breaking 5*0(10) are allowed, and expected in the next stage 
of the symmetry breaking. For example, 5*0(10) broken solution can be chosen as 

/iV^= ( i;io ), \h\^ = \vh\'' = + (89) 

Since the complex scalar gets a vacuum expectation value; this breaks the in- 
ternal linear 5*0(10) symmetry, leaving only 5*0(9). This shows that for gauged 
Eq, supersymmetry is always preserved, and therefore, one expects the spectrum of 
physical states fall into supersymmetric multiplets with vanishing mass supertrace. 
Indeed the general mass sum rule (35) leads to 

STrm^ = 2g^G^^ MiM^,^ = 0. (90) 

As we have gauge the full Eq the standard linear Fayet-Iliopoulos term is of course 
absent. 



5.1.2 Softly broken supersymmetry 

In this subsection we discuss the particle spectrum of the theory at the minimum 
with 5*0(10) invariant solution: 

\Nm\' = 0, 1^1' = ^- (91) 

This shows that the internal symmetry 5*0(10) x U (1) is broken to 5*0(10). However, 
this solution is not acceptable by itself, as it leads to the to the vanishing of the 
metric of the cr-model fields Ga ^ = (and hence the masses of the 32 Eq gauge 
fields A"^ vanish) To see that in more detail, we first recall that the Kahler metric 
derived from the Kahler potential JC (76) in the unitary gauge reduces to the form: 



Gji — ICu 



' 5/(^-6|/i|2 + 18|iV„,|2)-4iV^iV„(r+J,^ ^ 

bmn 

V i; 



(92) 



It is not difficult to see that at the minimum (91) the Kahler metric of the cr- 
model fields in the upper-left coner of (92) vanishes; and the four-fermion term 

^z'^zllhh^R'^LXLXR diverge, just like in the 5*O(10)/[/(5)-spinor model. Clearly, 
in this domain the model no longer correctly describes the physics of the situation 
(i.e., the correct vacuum and the corresponding spectrum of small fiuctuations). 
Therefore we add soft breaking terms to shift the minimum a way from the singular 
point, as we discussed in section 4. These terms involve mass terms of the form (37) 
for scalar fields {Nm,h). We include an ii^g^iivariant soft supersymmetry breaking 
scalar mass term for the singlet h and the vector N^: 

Koft = /i?e"6^-|/ip + /i^(7^„,iV„iV„e^^'^% (93) 
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The full scalar potential with soft breaking term in the unitary gauge is then: 

V = Knitary + + /i^|iVm|'. (94) 

As the complex scalar transforms only under ?7(1), we choose the unitary gauge for 
the U{1) symmetry, which allow us to write 

h=(v + -^p] e^*'', (95) 



where k is the longitudinal component of the massive gauge field A^. We now 
determine the mass spectrum of the theory. Expanding the potential (94) to second 
order in the fluctuations p and N„i around the minimum 

|iVj^ = 0, \h? = -' = if,--§g^ ^4<2^ (96) 
the bosonic terms in the action then become in the unitary gauge 



^bos = ~\F'^M)-lF^.F^,u-lF^r'>'-ldp-dp-dN^-dN„ 

-mi„ A- . A„ - m| AJ - m^^^^ Aj^^,) '^p'' "^kK 

-Vo + ..., (97) 

In this expression, the dots represent interactions of the abelian vector field with 
the scalar p. In addition, we have absorbed the Goldstone mode k in the abelian 
vector by redefining the U{1) gauge field A^: 

A^^A^ = A,- -^d^K. (98) 

The masses of the bosonic fields read: 

^\ = ^l = 2^g\\ m^. = ^, m^^ = -i(i/i? + /i2), m^^ = 0. (99) 

As expected the gauge bosons A^\jnn] of the non-broken 5*0(10) symmetry remain 
massless. 

Analyzing the kinetic and mass terms of the fermions 

+AiVQvg{xL\R-\RXi). (100) 
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fermions 



mass 


mL 


K 




ml 




value 


w 














vectors 



mass 


mi 


mi 


m^a 


value 


24(72^2 





MI 

4/2 



scalars 



mass 


m2 


m^- 


value 


24^2^2 









Table 4: Fully gauged -Eg mass spectrum in the presence of soft supersymmetric breaking. 

one realizes that two massive Dirac fermions can be formed by combining the 
fermions of the chiral multiplets with two gauginos: 

= 4^A,?„-zv^^7/^L„, ^ = \r-%xl. (101) 
V2 

In terms of these fields, the expression (100) becomes 

Aerm = -^"^ 5^„-^5^ + V^ y '^"^a + g (102) 

The masses of these spinors are: 

ml = m^ = 2Ag%\ (103) 

The 16 of the left-handed gaugino's Xlo and quasi-Goldstone fermions xin remain 
massless, together with the Majorana fermions A™"" that are gauginos of the un- 
broken 5*0(10) symmetry. Therefore, in this model the gaugino components Xia 
are now to be identified with a family of quarks and leptons, rather than the quasi 
Goldstone fermions themselves. (We have observed a similar thing to happen also 
in the S'O(10)/?7(5)-spinor model discussed in section 4.) The complete spectrum 
of the theory is summarized in table 4. 

The conclusions that can be drawn from the above analysis may be summarized 
as follows. Gauging of the full Eg in the presence of soft supersymmetry breaking 
may lead to a possibly realistic description of the lightest family of quarks and 
leptons. To make it fully realistic three important problems must be solved [22]: 

1. How to break down the remaining 5*0(10) symmetry, as required by low-energy 
phenomenology. 

2. It should be possible to include (at least) three generations of quarks and 
leptons. 
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3. There should be a source of large Majorana masses, so that the see-saw mech- 
anism provides the explanation for the small neutrino masses. 



Dimension 


TTl'l ^ 
U(lj 


Notation 


Description of the type of fields 
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10 
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to complete the 27 


16 


Q 




Two generations 


16 


-Q 






45 





J^mn 


Higgses for the unification 


54 







symmetry breaking 


210 





Qmnpq 




126 


r 


j^mnpqr 


Higgses for neutrino Majorana masses 


126 


-r 


E 


and symmetry breaking 



Table 5: The various S'O(IO) representations used for our construction of a phenomeno- 
logical model build around Eq/[SO{10) x U{1)]. The first column gives the dimension 
of the representations, the second column their charges, the third column the notation 
we use for the scalar components of chiral multiplets. A brief description of what these 
fields are is given in the last column. The charges q,r will be fixed by dynamical con- 
siderations like 50(10) X f/(l) anomaly cancellations and the requirement that various 
Yukawa couplings can appear in the superpotential. 

Like in the S'O(10)/[/(5)-spinor model, these problems may be solved by adding 
additional matter multiplets. Let us start with the second problem in the list above. 
The 16 can accommodate one generation of quarks and leptons including the right- 
handed neutrino. Therefore we need at least three copies of this representation to 
account for three families. It would be economical (as far as the field content is 
concerned) to use a 16 both as a representation of quarks and leptons and as the 
representation that leads to the symmetry breaking 5*0(10) — > SU{5) x f/(l) — > 
SU (3) X SU (2)i X f/(l). Therefore a possible solution to the this problem is provided 
by adding the two other fermion families as additional matter multiplets $^ = 
(a;^,'0^^) carrying opposite U{1) charges so that that the internal symmetry is free 
of anomalies. 

The first problem above can be solved by introducing the 50(10) breaking Higgs 
multiplets A^"', S"^^ and Q^'^pi with U{1) charges taken to be zero. This is not 
strictly necessary but very convenient in the following. The fermionic partners of 
the coset coordinates 2;° form one family of quarks and leptons, the other two family 
multiplets have scalar components x^. We make the charge convention such that 
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x+ has positive charge q > 0. Finally, we have two additional Higgses Emnpqr and 
jjmnpqr j-Qg^y q[^q responsible for symmetry breaking, but in addition are 
also supposed to give rise to Majorana masses for the right-handed neutrinos. D 
has charge r and E is it charge conjugate. In addition to all this there should be 
at least a 10 that can produce the supersymmetric standard model Higgses after 
symmetry breaking down to the standard model group SU{?>) x SU{2)l x f/(l). 

5.2 Gauging of SO(IO) x U(l) symmetry 

The gauging of the 5*0(10) x f/(l) symmetry instead of the full Eq gives analogous, 
but not quite identical, results. Also in this case one finds the potential (87), but 
in general with different values gi and giQ for the coupling constants of S'O(IO) and 
U{1). Except for special values of the parameters, it has a minimum for the 5'O(10) 
invariant solution, with = 0; and again the metric becomes singular. One way 
to shift the minimum away from this point is by introducing soft breaking terms 
(93). Another option is to add an extra Fayet-Iliopoulos term as the gauge group 
possesses an explicit U{1) factor. In the first case, the fermionic mass term is given 
by the last line of (100). As a result there is now one massive Dirac fermion, from 
the combination of xl with the same gaugino of the broken U{1) as before. The 
gauginos A"*" that are left over remain unpaired, and hence massless. Furthermore, 
the chiral fermions ipf^ and Xl remain massless. The complete spectrum can be read 
from the table 6 

In the second case, for special values of the coupling constants gi and gw, or 
the Fayet-Iliopoulos parameter ^, one can get different results. Since the 5*0(10) 
and U{1) coupling constants are independent, one may choose to gauge only 5*0(10) 
{Qi = 0)- III that case both supersymmetry and internal symmetry are preserved, 
and the particle spectrum of a model contains of a massless 50(10) gauge boson, 
just like in the usual supersymmetric 50(10) grand unified models. 



scalars 



mass 


m2 




m|„ 


value 


24^2 









vectors 



mass 




ml 


value 


24gy 






fermions 



mass 


ml 




XLn 


value 


24gy 









Table 6: Soft supersymmetry breaking gauged 50(10) x U{1) mass spectrum 
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6 Conclusions 



The Kahler manifolds Ee/[SO{10) x U{1)] and SO{10)/SU{5) x U{1) hold some 
special interest in the context of non-linear supersymmetric cj-models, because Eq, 
S'O(IO) and SU{5) are realistic grand unification groups. It was shown [3, 4] that 
it is possible to construct anomaly free models around these coset-spaces that are 
globally consistent. 

In this article, we have discussed in detail the phenomenological analysis of 
supersymmetric a-models on homogeneous coset-spaces Eq/[SO{10) x f/(l)] and 
SO{10)/U{5). We have analyzed the possible vacuum configurations of these mod- 
els. We have investigated in particular the existence of the zeros of the potential, for 
which the models are anomaly-free, with positive definite kinetic energy. The con- 
sequences of these physical requirements have been analyzed. We found that there 
exist supersymmetric minima for both these models when the full isometry groups 
Eq and SO{10) are gauged. The analysis is straightforward as one can employ the 
unitary gauge to put the Goldstone bosons to zero. In some cases, we find that 
the Kahler metre is singular: the kinetic energy of the would-be Goldstone modes 
and their fermionic partners vanishes in the vacuum. We showed by addition of soft 
supersymmetry-breaking mass parameters, that the minimum can be shifted away 
from the singular point. 

The particle spectrum in the presence of soft supersymmetry-breaking mass pa- 
rameters is computed. The gauge bosons corresponding to the broken Eq as well as 
the 50(10) become massive, thereby eliminating all the Goldstone scalars from the 
theory. In addition some of the left-handed quasi-Goldstone fermions become mas- 
sive by combining with right-handed gauginos corresponding to the broken (50(10), 
Eq) generators. The left-handed of these gauginos components remain massless and 
have the same quantum number as the original quasi-Goldstone fermions. There- 
fore, they can represents a family of quarks and leptons, with additional right-handed 
neutrino. 

Continuing our line of investigation of the particle spectrum of supersymmetric 
a-models on ^6/(50(10) x f/(l)], and 50(10) x f/(l), we have also studied the 
possibility of gauging (part of) the linear subgroups, i.e., 50(10) x f/(l) and U{5). 
In each of these models, we found that the properties of the model investigated 
depend to a certain extent on the value of parameters (gauge couplings, Fayet- 
Iliopoulos term) and the presence of extra families and Higgses. We have obtained 
all supersymmetric minima, of which some are physically problematic as the kinetic 
terms of the Goldstone multiplets either vanish or have negative values. 

In spite of all these nice features, there is still a lot of work needed to improve and 
extend the anomaly-free supersymmetric a-models on the coset spaces 5O(10)/[/(5) 
and £'6/[5O(10) x U{1)] discussed here. For example, it would be to interesting to 
study their particle spectrum in presence of extra families and Higgses. In tables 
2 and 5 we have summarized the most general scalar field content we consider for 
the phenomenological promising models build around the coset spaces 5O(10)/f/(5) 
and Ee/[SO{10) x f/(l)]. 
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